Repeated compression test of open-cell type nickel foam (Celmet) was conducted to investigate deformation behavior with changes in density. Cylindrical billets with two pore sizes were compressed up to 90% in nominal strain. Apparent density, buoyant density and dimensions of billets were measured after each compression step. Compressive stress linearly increases without plateau region until the nominal strain of 0.4 with increase in apparent density and with slight increase in diameter. Apparent density and porosity estimated under assumption of no diameter change show good agreement with the experiments. Above the strain of 0.4, the stress as well as diameter apparently increases with remarkable increase in density.
Introduction
Metallic foams have attracted many attentions due to their unique features as low density and high energy absorption. 1) They are used as a lightweight structure component, sound absorber, lter and damping insulator etc. However, published papers on forming of metallic foams are limited in number. By bulk metal forming, metallic foams lose advantages of lightweightness due to densi cation by pore closure. Utsunomiya et al. 2) proposed that forming of metallic foams has advantages in (1) improvements in strength by work hardening 3) , (2) manufacturing mechanical components with complicated shapes 4) , (3) control of porosity and pore morphology 3) and (4) microstructure evolution with high fraction of high-angle grain boundaries 5) . Therefore, it is demanded to establish forming technologies of metallic foams for industrial applications. However, numerical prediction of deformation behavior of metallic foam is dif cult. This is because compression takes place by propagation of deformation bands, which are formed by closure of pores on certain plane. Therefore the deformation is nonuniform and accompanied with large volume change. For that, it is needed to reveal macroscopic deformation behavior of metallic foams.
Among metallic foams, open-cell foam has unique features in permeability and high damping properties due to uniformly distributed open pores. Manufacturing processes of open-cell foam have been well studied. Chemical vapor deposition on a polymer foam as a mold which is subsequently removed by heating, is used in INCO process 6) . Inazawa et al. 7) produced open-cell type nickel foam (Celmet) by electro-deposition process. On the other hand, DUOCEL is manufactured by in ltrating molten metal into an open-cell polymer foam mold which is subsequently removed 8) . Deformation behavior of closed-cell foams has been well investigated. For example, Bastawros et al. 9) investigated deformation mechanisms in elastic region of closed-cell aluminum foam with cell morphology change. Yoshimura et al. 10) predicted stress of closed-cell foam in uniaxial compression using Oyane s equation, which was originally proposed for sintered materials. On the other hand, studies on open-cell foams have been limited compared with those on closed-cell foams. Nieh et al. 11) reported compressive properties with the effect of cell size and shape in open-cell aluminum foam (6160 aluminum foam by ERG Inc.). Wang et al. 12) investigated compressive behavior with various densities and cell sizes. In these compression tests of the open-cell foam, nominal stress shows sharp increase at rst, then gradual increase until the nominal strain of 0.4. After the strain, the stress considerably increases with densi cation of the foam. Although change in porosity during compression test was not made clear, it is important to express deformation behavior as a function of porosity for numerical simulation of bulk forming.
The authors reported that the change in porosity of a closed-cell type aluminum foam by repeated compression test 13) . It was found that porosity decreases from 89.1% to 80.2% in the plateau region and that diameter increases with decreasing porosity.
In this study, repeated compression test has been applied to open-cell type nickel foam (Celmet) to reveal the deformation behavior and porosity change. In order to discuss pore-size dependence, two kinds of Celmets were used.
Experimental Procedures
The material used was open-cell foam (Celmet ® by Sumitomo Electric Industries Ltd.). Cylindrical billets diameter of 7.7 mm and height of 10 mm were machined by wire discharge cutting for the compression test. Two Celmets with mean pore size of either 0.8 mm or 3.2 mm were used. They will be referred Celmet A and Celmet B. Table 1 shows the speci cations of the specimens (mean diameter of pores, densities and porosity). The apparent density was de-*1 Graduate Student, Osaka University *2 Corresponding author, E-mail: uts@mat.eng.osaka-u.ac.jp Buoyant density /Mg m termined by the measured weight and the volume. The volume was calculated from the diameter and the height of the billet, which were measured three times per one specimen. In addition, the buoyant density was calculated from the weight and that in distilled water by the Archimedes method. The buoyant densities of Celmets were somewhat lower than the density of pure nickel (8.9 Mg/m 3 ). It implies that micro pores still exist in cell walls. The porosity, p was de ned using the apparent density ρ apparent and the initial buoyant density ρ buoyant as follows.
This is because change in buoyant density is little during compression as described later. The both Celmets show porosity greater than 90%. In order to achieve uniform deformation, JIS 14) and ISO 15) standards recommend the ratio (billet diameter)/(pore diameter) larger than 10. Celmet B was supposed to show non-uniform deformation because the ratio was low 2.4.
The compression test was conducted on a universal testing machine at room temperature. The specimen was compressed at crosshead speed of 1 mm/min between two at steel dies without lubrication. The compression was interrupted by every 10% of nominal reduction in height to measure apparent dimensions and buoyant density. The height of the billet was measured by a caliper three times, while the diameter was measured in three directions at the center of the height of each specimen under unloaded condition after each step of compression. The height was reduced by 90% in nominal strain by 9 steps. Compression amount of each step was controlled by crosshead displacement of the testing machine. For the comparison, single-step compression up to 90% of height reduction was also conducted under the same conditions.
Results

Compressive behavior
Typical nominal stress-strain curves of the Celmet A and Celmet B in the single-step and those in the repeated compression test are shown by solid lines in Fig. 1 . Nominal stress, s was calculated by,
where F is the compression load and A 0 is the initial apparent cross-sectional area of the billet. Nominal strain e was de ned by,
where h 0 is the initial height and h is the current height of the billet. Nominal stress linearly increases until the nominal strain of 0.4 then the stress parabolically increases. Celmet B shows similar trend, but with some uctuations on curves may be due to larger pore size. Plateau region was not observed clearly for the both Celmets. For convenience of comparison, plateau stress s s = F s /A 0 was calculated according to the Japan Industrial Standards H 7902 14) . In the standard, F s is de ned as the average load between 20% and 30% in nominal strains. The average plateau stresses of Celmet A and Celmet B were 0.421 MPa and 0.530 MPa, respectively. The deviations of the plateau stress among three specimens were ±0.045 MPa and ±0.078 MPa, respectively. The large deviation of Celmet B may be due to larger pore size in initial billets. It is recommended to keep the ratio (billet diameter)/(pore diameter) larger 10 after JIS 14) and ISO 15) standards. Speci c nominal stress, (=s n /ρ 0 ) which can be calculated with the nominal stress and the initial apparent density of the billets, is shown on the right axis of the graph. The speci c plateau stress in Celmet A and B were 1.00 MPa·(Mg·m , respectively.
The results of the repeated compression test (dashed lines) generally agree with that of the single-step compression test (solid lines) in Fig. 1 . In the gure, the stress-strain curves of repeated compression were superimposed without removing the elastic region The agreement of Celmet A is better. It is supposed that pore size of Celmet A is small enough to achieve uniform deformation. It means that repeated compression is a convenient technique to reveal density change during compression test, although it requires several specimens. 
Dimensional change
Typical appearances of the billets of Celmet A and Celmet B in the repeated compression test by every two steps are shown in Fig. 2 . The specimen maintained cylindrical shape even after the heavy compression. The average height of Celmet A decreased from 10.12 mm to 1.30 mm, while the average diameter increased slightly from 7.75 mm to 8.57 mm by 87.2% of total reduction. The deviation of nal diameter among three specimens was ±0.120 mm. For Celmet B, the average height was reduced from 10.08 mm to 0.68 mm, while the average diameter increased from 7.67 mm to 8.97 mm by 93.3% of height reduction. The deviation of nal diameter was ±0.122 mm. In other words, change in diameter was not large even after the heavy compression. Collapsed cells were observed in deformation bands perpendicular to compression axis around the center of the billet.
Change in densities
Changes in diameter, apparent and buoyant densities of Celmet A and Celmet B during the compression are shown in Fig. 3 . Error bars show the standard deviations of diameter, apparent and buoyant densities among the nine measured values (three specimens × three times). Diameter of the Celmet A gradually increases until the nominal strain of 0.4, then increases apparently with strain. Change in apparent density shows similar trend with the diameter change. Until the strain of 0.4, apparent density of Celmet A shows little change (0.423 to 0.681 Mg/m 3 ) with little increase in diameter. The porosity of Celmet A decreases from 92.3% to 
Discussions
Nominal stress-strain curve
The compression behavior of open-cell foam obtained in this study is somehow different from that of closed-cell foam. Closed-cell foams generally shows clear plateau region with constant ow stress 16) . Constant ow stress in plateau region is attributed to repeated initiation of localized deformation bands 9) . On the other hand, the stress of opencell foam gradually increases due to the initiation and propagation of deformation bands in this study (Fig. 2) . It agrees with a reference reporting that open-cell foam shows linear increase in stress or short plateau region before the densication region 17) . The stress-strain curves of open-cell foams are further discussed below.
Change in speci c true stress
In order to investigate actual stress acting on cell walls, speci c true stress is calculated with consideration of density change. True stress σ n and true strain ε n were de ned by,
where F n is the current load, A n is the current apparent cross-sectional area and h n is the current height of the billet at the end of the n-th step. Speci c true stress (σ n /ρ 0 ) and real speci c true stress (σ n /ρ n ) were de ned by the initial apparent density and the current apparent density, respectively as.
Speci c true stress and real speci c true stress of Celmet A and Celmet B were shown in Fig. 4 . With increasing true strain, true stress shows parabolic increase. The speci c true stress is found on the right axis. On the other hand, real speci c true stress on the right axis increases almost linearly. It means increase in true stress with compression is mainly due to increase in density by pore closure. The linear hardening of real speci c true stress in Fig. 4 implies that cell walls are subjected to not large work hardening. However, as true strain was de ned by eq. (5) and it includes volumetric strain, so deviatoric strain should be considered to understand the hardening. Changes in volumetric strain and deviatoric strain are shown as a function of apparent height strain in Fig. 5 . Deviatoric strain was de ned by,
where ε z is the height strain and ε V is the volumetric strain.
As height strain and volumetric strain were given by,
where V and d are the volume and the diameter of the billet, respectively. Suf x n and 0 refer to the current step of the compression and the original state of the specimen, respectively. According to the volume constancy, the volumetric strain of nonporous metals should be zero. On the other hand, metallic foams show volumetric strain by density change during deformation. In the condition without diameter change (dashed line in Fig. 5 (a) ), volumetric strain is equal to height strain. The most of the height strain turns into the volumetric strain at the beginning of the compression (ε z < 0.4) with little change in diameter. The volumetric Fig. 4 Changes in true, speci c true and real speci c true stress of (a) Celmet A and (b) Celmet B.
strain increases linearly with the height strain (Celmet A: 0 to 1.85, Celmet B: 0 to 1.83).
In deformation of nonporous metals, the deviatoric strain is equal to the height strain due to the volume constancy (ε V = 0). On the other hand, open-cell foam shows deviatoric strain not equal to height strain. It is found that volumetric and deviatoric strains are roughly 90% and 70% of apparent height strain in uniaxial compression test of open cell foams. If volume change is not considered, the overestimation of axial strain is one of reasons for the low work hardening in Fig. 4. 
No diameter change model
As diameter change is negligible in small reduction, it is practical to draw ideal equations to predict change in density and porosity under assumption of no diameter change. The schematic illustrations of dimensional change without diameter change are shown in Fig. 6 . In the gure, the billet is divided to (a) solid nickel part (including micro pores) and (b) macroscopic pore part. No volume change is assumed for the solid nickel part. The height after the compression is given by,
where r is reduction in height. According to the conservation of mass,
where ρ is the apparent density of billets. If we assumed that the diameter of the foam billets is constant during the compression (A 0 = A), the ideal density after compression can be predicted by eq. (13) .
In addition, the ideal porosity can be predicted with the mass conservation. The mass of billets can be expressed as
where p is the porosity and ρ nonporous is the density of the nonporous metal i.e., the buoyant density of the foam. The ideal porosity after the compression can be predicted as follows,
The predicted porosity decreases from 92.3% to 23% by compression with height reduction of 90%. Experimental results and predictions are compared in Fig. 7 . It is notable that change in apparent density of two Celmets with almost same initial density shows similar behavior even pore size is different. It means that the behavior in apparent density is governed by initial apparent density than pore size. The predictions show good agreement with the experimental results until the true strain of 1. The discrepancy of apparent density for Celmet A and Celmet B between the ideal equation and the experimental result at the strain of 1 are 6.4% and 7.1%, respectively. Those are within the range of standard deviation. Above the strain of 1, the predictions of apparent density were higher. The discrepancy increases with increasing strain. This is because diameter change is not negligible in case of higher strain in the experiment. However, no-diameter change model is useful for predictions of apparent density and porosity in case of lower reduction (ε < 1). In order to investigate deformation behav- ior in heavy deformation, it is necessary to express the deformation behavior using the yield function (e.g. Oyane et al. 18) ) and the associated ow rule with the consideration of volume change in deformation. It will be discussed in another paper.
Conclusions
The repeated compression of open-cell type foam was conducted to investigate the deformation behavior. Opencell type nickel foams, Celmet A and B with mean pore size of 0.8 mm and 3.2 mm were used. The following remarks are drawn from this study.
( (2) The speci c true stress increases parabolically and the real speci c true stress linearly increases with an increase in true strain in height. The real speci c true stress increases linearly with the deviatoric strain. It is found that nominal stress increases mainly by densi cation by pore closure and that work hardening of cell walls is not large. Volumetric and deviatoric strains are roughly 90% and 70% of apparent true strain in height.
(3) The ideal equations for apparent density and porosity changes were derived under assumption of no diameter change. The estimated density agrees well with the experimental result until the true strain of 1. For example, the discrepancy of apparent density for Celmet A at the strain of 1 is 6.4%.
